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RESEARCH MEMORANDUM 


ACCELERATICW OF HIGH -ERESSURE -RATIO SINGLE-SPOOL TURBOJET ENGINE 
AS DETEEGONED FRCM COMPONENT PERPCRMANCE CHAEACTEERISTICS 
III - EFFECT OP TUEIBINE STATCR ADJUSTMENT 
By Harold E. Rohlik and John J. Reheske , Jr. 


SUMMARY 

An analytlceil Investigation was made to determine from component 
performance the effect of turbine stator adjustment on the acceleration 
characteristics of a typical hi^-pressure-ratio single-spool turbojet 
engine. Turbine stator adjustment was adequate to permit engine opera- 
tion in the intermediate-speed range, but was less satisfactory than 
the relatively simple schemes of coiiqjressor-lnterstage and -outlet bleed. 


INTRODUCTION 

Studies of turbojet engine requirements for flight in the tran- 
sonic range have revealed that a turbojet engine best suited for such 
flight would have a con^jr-essor pressxire ratio of about 7 to 10 and a 
turbine-inlet temperature of about 2000° to 2300° R (ref. l) . However, 
when a single-spool axial-flow con^iresSor is used in this pressure-ratio 
range, it may have poor off -design performance, particularly in the low- 
speed range (50 to 70 percent of design). In this low-speed range, the 
inlet stages operate in a low-efficiency hi^-angle -of -attack region and 
the outlet stages operate in a low-efficiency low-angle -of -attack region 
(ref. 2). 

Equilibrium operation of an engine of this type with several 
exhaust -nozzle areas is described in reference 3. This reference shows 
that, in the intermediate-speed range (70 to 85 percent of design), all 
equilibrium operating lines of this particular engine enter the com- 
pressor surge region and the compressor will not accelerate throu^ this 
region. Therefore, the coii 5 >onent performance of the compressor and tur- 
bine, or the matching of these components, or both, must be altered to 
permit acceleration. 
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Several means of improving tlie acceleration characteristics of 
such engines are compressor-outlet bleed, con 5 >ressor-inter stage bleed, 
adjustable compressor-inlet guide vanes and stator blades, and ad- 
justable turbine stators. An investigation is being conducted at the 
NACA Lewis laboratory to evaluate the relative merits of such means for 
improving the acceleration- ch^acteristics of hi^-pres sure -ratio single- 
spool turbojet engines. 

Conpressor-OTitlet bleed, conpressor-interstage bleed, and combi- 
nations thereof are reported in references 4 and 5. Reference 4 shows 
that reasonable amounts of compressor-outlet bleed allowed high 
turbine-inlet tenperatures during acceleration, and that the accelera- 
tion path should be as close to the s\jrge region as is practical. Ref- 
erence 5 reports that constant-area Interstage bleed, properly located, 
gave smaller acceleration times than variable-area compressor-outlet 
bleed. Acceleration times achieved with variable-area compressor-outlet 
bleed and constant-area Interstage bleed were 5.5 and 3.0 seconds, re- 
spectively, for surge-line operation. In the low-speed range of the 
fixed-geometry engine, turbine -inlet temperatures were limited to rela- 
tively low vaJ.-ues by the flow-handling capacity of the turbine and the 
combination of relatively high weight flow and low txrrbine -inlet pressure 
provided by the compressor. In the intermediate-speed range, near the 
knee in the compressor svirge line, the turbine-inlet temperature was 
limited to values which were too low to provide stifficient torque to 
drive the compressor. Adjusting the turbine stators to Increase the 
throat areas permits larger equivalent weight flows and therefore higher 
inlet temperatures. This, in turn, increases the turbine torque if 
losses are not too large and improves the acceleration characteristics 
of the engine. 

The purpose of this analysis is to evalviate turbine stator adjust- 
ment as a means of improving engine acceleration. Several combinations 
and degrees of stator adj-ustment are compared with respect to Improved 
acceleration characteristics and miechanical simplicity. 


METHOD CF ANALYSIS 
Idealized Stator Adjiistment 

Determination of the potential, improvement in acceleration charac- 
teristics of the engine under consideration by means of stator adjiast- 
ment required a preliminary investigation. The effectiveness of turbine 
stator adjustment as a means of improving engine acceleration may be 
measured in terms of the time interval required to accelerate from idle 
to design speed. Therefore, in approaching the stator-adjiistment prob- 
lem, acceleration time and required flow increases were calctilated for 
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an Idealized stator-ad;3'*^'fc™6^'fc case that could he compared with pre- 
viously established acceleration times obtained with cou^jressor- 
inter stage and -outlet bleed. 

This idealized case was optimistic in that the specifications in- 
cluded surge-line operation of the compressor, constant turbine-inlet 
tenperature of 2500° R (arbitrarily specified as the maximum allowable 
for short periods of time), and no bleed. For acceleration along the 
compressor s\irge line, reference 4 shows that, with design compressor 
and turbine geometry, the flow-handling capacity of the turbine necessi- 
tated compressor-outlet bleed in order to maintain a tTjrblne- inlet tem- 
peratttre of 2500° R tp to 88 percent of design speed. It was assumed, 
in this preliminary analysis, that the idealized stator adjustment per- 
mits the turbine to swallow the total compressor weight flow at a tem- 
perature of 2500° R vp to a compressor speed of about 88 percent of 
design, at which speed design turbine geometry satisfies this condition 
and adjiistment is no longer necessary. Turbine efficiencies were 
ass-umed to be the same as those for the similar acceleration in refer- 
ence 4. An exha\ist-nozzle area of 600 square inches, which was speci- 
fied as the maxi mum allowable, was held constant in order to maximize 
turbine output. This acceleration path is indicated in figure 1 by the 
heavy line. 

Measured component performance (figs. 1 to 3) with design geometry 
was used to calculate acceleration time for 2500° R operation. The mode 
of operation considered was the same as that for the variable-area 
compressor-outlet bleed case of reference 4, except that turbine tfirque 
at each speed was Increased in direct proportion to the Increase in 
turbine wel^t flow made possible by the idealized stator adjustmient. 

The time required for acceleration may be determined from the 
following equation; 
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The graphical solution of equation (l) is presented in figure 4, 
which shows a total acceleration time of 3 seconds for the Idealized 
case of stator adjustment. This acceleration time compares favorably 
with those of references 4 and 5. Figure 5 shows the increase in 
turbine-inlet equivalent wei^t flow necessary to achieve this acceler- 
ation time. This calculation shows an optimistic limit of improved 



4 


NACA RM E54F04 


engine acceleration that mi gh t, be reached with stator adjustment and a 
range of turblne-lnlet equivalent flow Increases to be considered. 

AT tho iigh the Idealized stator adjustment resTilted In a satisfactory 
acceleration time, the actual weight-flow Increases, turbine efficien- 
cies, and hence acceleration times are functions of turbine geometry and 
Internal flow conditions. Therefore, a nsDre ccm^ilete analysis was made 
taking these factors Into consideration. 


Acceleration Characteristics as Determined from Estimated 
Turbine Stage Performance 

Trcblne Internal flow . - The changes In Internal flow effected by 
turbine stator adj\astment In a multistage turbine depend on the manner 
in which the stators are adjusted as well as the initial flow condi- 
tions. These changes are eonplex in nature because of- the n\imber of 
variables in the flow that are affected by stator adjustment. In ob- 
taining an understanding of these changes. It is convenient to consider 
the general behavior of a turbine operating under conditions representa- 
tive of those encountered in accelerating this particular engine. At 
the knee in the compressor svcrge line, at approximately 80 percent of 
compressor design speed, flow throu^out the tirrbine and exhaust nozzle 
is subsonic, with pressure ratios of the three tvirblne stages approxi- 
mately equal. With compressor operation fixed at this point, the 
turbine-inlet equivalent weight flow Is increased by opening one or 
more rows of stator blades and increasing turbine-inlet temperat-ure . 

With conpressor operation, and hence mechanical speed, fixed, the In- 
crease In turbine torque associated with the increase in turbine -inlet 
tenperature results in a greater acceleration rate at this speed. The 
turbine-outlet equivalent weight flow will Increase at a somewhat slower 
rate than the inlet flow, and the turbine pressure ratio will decrease 
slightly. These variations are shown in figures 6 and 7, where changes 
in turbine -out let equivalent flow and in turbine pressure ratio are 
plotted against turbine -inlet -flow change for this operation. The effect 
of turbine efficiency on these parameters is sli^t, one of the curves 
representing a constant turbine efficiency of 0.85 and the other a pro- 
gressive decrease from an initial, value of 0.85 to a value of 0.60 at 
an inlet equivalent flow increase of 42 percent. In these figures, the 
turbine pressure ratio is specified by the constant value of turbine- 
inlet total pressure and by the turbine-outlet total pressure required 
to satisfy continuity through the exhaust nozzle with atmospheric pres- 
s\n’e at the exhaust -nozzle outlet. 

The two methods of stator adjustment xinder consideration are the 
simultaneous adjustment of all three stages and the adjiistment of the 
first-stage stator only. Each stage, in the case of three-stage 
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od Jiistment , operates wltli a nearly constant pressure ratio while "both 
inlet and outlet equivalent wei^t flows increase. As the stators are 
opened, throat area is increased and turning is decreased. This re- 
sults in a progressive tmloadlng of the stator row with a decrease in 
the tangential coii 5 )onent of velocity leaving the stator, and an increase 
in total pressure and hence Mach number relative to the rotor. As the 
stator loading decreases under these conditions, rotor flow conditions 
become more critical with relative velocities becoming sonic and then 
approaching the limiting loading condition. Stage efficiency necessarily 
changes during stator adjustment because of the changes in rotor inci- 
dence angles and stage outlet whirl. Whether the change is positive or 
negative at the outset depends, of course, tpon the relation of the 
initial flow angles to the design angles. In either case, the effi- 
ciency decreases as the stator adjustment brings the rotor to limiting 
loading. 

Adj-ustment of the first-stage stator only also results in an in- 
crease in flow-handling capacity of the turbine. As the first-stage 
stator flow area is increased to permit greater equivalent weight flows, 
the first-stage pressvtre ratio decreases some'what, while the second- 
and third-stage pressure ratios Increase. Since the second and third 
stages are not chohed, this Increase in second- and third-stage pres- 
sure ratio, coupled with the fact that equivalent speed decreases with 
an Increase in teiiperature , means that these stages can now pass greater 
equivalent weight flows. As with three-stage adjustment, losses in each 
stage change because of the change in operating conditions of each 
stage. The direction and magnitude of the changes in losses and effi- 
ciency again depend upon the proximity of the Initial operation to de- 
sign operation, with an efficiency loss at extreme adjustments. 

As the turbine stators are opened to Increase flow capacity with 
the conpressor operating point fixed, ttirblne torque increases with in- 
let tenperature to the point at which further gains in temperature are 
offset by the increase in losses. Beyond this point, of couirse, tur- 
bine torquie decreases. 

Estimated turbine stage performance . - Performance of each of the 
three turbine stages was estimated with a simplified one-dimensional 
analysis for a range of speeds, pressure ratios, and stator adjustments. 
The ranges of turbine parameters considered in the analysis were speed, 
from 50 to 130 percent of design; pressure ratio, from 1.1 to about 1.9 
in the first and second stages, and from 1.1 to lim i ting-loading in the 
third stage; and turbine stator adjustments, from design setting to 12° 
open. This method of performance estimation employed empirical loss 
coefficients obtained from detailed survey data from the original tur- 
bine operating at design speed and work. It was assumed that these co- 
efficients were applicable over the complete ranges of operation and 
stator adjustment. Losses considered were limited to the viscous losses 
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in each hlade row, which are associated with the level of internal 
flow velocities, rotor incidence -angle losses, and stage outlet whirl 
losses. Symbols and methods of estimating losses and other internal- 
flow phenomena are given in appendixes A and B, respectively. 

Calculated stage performance was plotted In terms of inlet equiva- 
lent weight flow, equivalent torque, and tengierature ratio. Exan^les 
of each are shown in figure 8, -which represents third-stage performance 
■with design stator setting. 

Eval-uation of stator adj-ustment . - Figure 4 shows that turbine 
torq^ue available for acceleration, and therefore the rate of accelera- 
tion, is lowest at 50-percent design speed. This means that accelera- 
tion times for speed increments are largest in this range. However, 
figure 5 shows that 80-percent design speed is most critical in terms 
of turbine flow-handling capacity. At this speed, turbine stator ad- 
Justment mtist permit equivalent -flow increases up to 35 percent in 
order to utilize a t-urblne- inlet temperature of 2500*^ R. The 50- and 
80-percent-speed points on the compressor s-urge line, then, were chosen 
as the operating points at which various degrees and combinations of 
stator adjustment were to be compared. At each compressor operating 
point, the actual weight flow, available pressure ratio, and mechanical 
speed were specified by the compressor operating characteristics . 
Turbine-inlet tenperatiire , and thus turbine torque, was then determined 
by consideration of continuity through each t-urbine stage and the ex- 
haust nozzle. In calculating the ; acceleration times, it was assumed 
that KACA standard sea-level conditions existed at the compressor in- 
let, and that transient component characteristics were the same as the 
steady-state conditions . In addition, the following assumptions were 


made : 

Combustor total-press-ure ratio, Pj/Pg 0.97 

Stagnation pressure loss in tall pipe, Ib/sq ft 0 

Fuel-air ratio, w„/w 0.02 

Leakage between compressor and turbine, w-j/w^ 0.02 

Torqiie to drive accessories, ft-Ib 3.0 

Exhaust -nozzle area, Ag, sq in 600 


The mode of operation was as follows : Acceleration began with the 

compressor operating at 50-percent design speed at surge, with the first 
or all three turbine stators open and the exha-ust nozzle open to its 
maximum area of 600 sq-uare inches, Operation proceeded along the can- 
pressor surge line -with t-urbine -iijilet temperature varying continuously 
to satisfy continuity thro-ugh the t-urbine and exhaust nozzle -until the 
speed was attained at which the turbine -inlet temperature reached the 
maximum allowable val-ue of 2500° R. Operation then followed the line 
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defined by tbis tiarbine geometry and a constant of 2500° R to a 

speed at wbich. design turbine geometry permitted operation of the com- 
pressor at a pressure ratio below surge and at a of 2500° R. At 

this speed, the first or al 1 three turbine stators were returned to 
their design position, and acceleration continiied along the line speci- 
fied by design geometry and of 2500° R to conpressor design speed. 

These paths of operation are shown as the heavy lines in figure 9. 

Results of these calculations , within the limits of accuracy of 
the stage -performance prediction method, provide a comparison between 
the adjustable-stator method and the methods of references 4 and 5 for 
improving the acceleration characteijistics of this hlg^i-pres sure -ratio 
single-spool turbojet engine. 


RESULTS AMD DISCUSSION 
Increase in Flow-Handling Capacity 

Figure 5 shows that the turbine stator adjustment most desirable 
with respect to engine acceleration should permit Increases as great as 
35 percent in equivalent wel^t flow with no loss in efficiency. The 
Increase in turbine equivalent wel^t flow made possible by stator ad- 
justment at a given speed depends -upon the initial stator- and rotor- 
throat Mach mimbers , the stator-outlet angle (which determines the rate 
of change of area with adjustment), and the change in Internal loss as 
the stators are opened. The initial turbine operating condition as 
well as the Initial turbine geometry, then, determine the potentiali- 
ties of turbine stator adjustment for any given situation. The magni- 
tudes of turbine-inlet eqTiivalent flow increases possible for a range 
of engine operating conditions, including fixed compressor operation, 
are presented in reference 6, in which operation is considered wherein 
one or more blade rows are choked. 

The increases in stator -throat area calculated for the stator ad- 
justment of 12° were 42 percent in the first stage, 31 percent in the 
second stage, and 24 percent in the third stage. Estimated performance 
shows that Increases in the equivalent weight flow were in every case 
considerably smaller than those in the stator -throat area. The effect 
of stator adjustment on equivalent wei^t flow in the first stage is 
presented in figure 10 for three equivalent speeds and a constant stage 
pressure ratio of 1.5. An increase in stator-throat area of 40 percent 
at 90 percent of design equivalent speed results in a gain of only 20 
percent in equivalent weight flow. Limitations imposed by the rotor - 
throat area and internal losses keep the flow increase to a relatively 
low value. 
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Comparison of Stator -Adjustment Coiriblnatlons 

Idle speed and the knee In the surge line present the greatest 
problems in surge -line operation throng the low- and intermediate - 
speed range. Idle speed is critical in that the torque available for 
acceleration and, hence, the acceleration rates are smallest here, even 
in the Idealized case; while, at the knee in the compressor surge line, 
matching characteristics of the unmodified engine are such that the 
turbine-inlet ten^jerature is limited to values too low to provide suffi- 
cient torque for driving the compressor. 

In order to evaluate stator adjustment in the range of adjustment 
considered, compressor operation at these points was specified, and 
turbine torque was calculated for the following five combinations of 
stator adjtistment: 


Combination 

First -stage 
adjustment , 
deg 

Second-stage 
adjustment , 
deg 

Third-stage 
adjustment , 
deg 

1 (design) 

0 

0 

0 

2 

6 

6 

6 

3 

12 

12 

12 

4 

6 .. 

0 

0 

5 

12 

0 

0 


Calculations were made for an exhaust -nozzle area of 600 square inches. 
Figvire 11 shows turbine-inlet equivalent weight flow, turbine pressure 
ratio, turbine efficiency, and turbine equivalent speed plqtted against 
stator adjustment for the two methods of adjustment at 80-percent com- 
pressor design speed. The dashed portions are extrapolated. 

In order to estimate the trends of the torque curves at stator ad- 
justments larger than those calculated, extrapolated values from figure 
11 were used to calculate tvirbine torque values in the adjustment range 
beyond 12°. Figiare 12 shows the variation of turbine torque with stator 
adjustment. The dashed portions represent values calculated from the 
extrapolated values of figure 11. For three -stage adjustment, the max- 
im\3m value of equivalent turbine torque, about 3530 foot-pounds, occurs 
at a stator adjustment of approximately 10°. The first -stage adjustment 
at which torque is maximized is approximately 14°, and the peak value is 
about 3400 foot-pounds. At 80 percent of conpressor design speed, the 
torque required to drive the compressor is 3117 foot-pounds. Therefore, 
although the turbine torque resulting from three-stage adj'ustment is 
only 4 percent greater than that obtained with first-stage adjustment, 
the net difference available fdr acceleration is about 46 percent greater. 


3230 




mCA. RM E54P04 


9 


The variations of turhine -inlet equivalent weigjht flow , turbine 
pressure ratio, turbine efficiency, and turbine equivalent speed with 
stator ad;Justment at 50-percent or idle speed are shown in figure 13. 

The dashed portions are extrapolated. Figtire 14 presents the correspond- 
ing variation in turbine torque, the dashed portions representing values 
calculated from extrapolated values of figure 13. At idle speed, three- 
stage ad.3ustment provides the maximum, torque, about 2300 foot-pounds, 
at a setting of 12°. First-stage stator adjustment is slightly less 
effective, reaching a peak torque value of 2200 foot-pounds at a stator 
adjustment of about 14°. The torque obtained with three-stage adjust- 
ment is slightly larger (5 percent) than that obtained with first-stage 
adjustment. Required conpressor torque at idle speed is 1930 foot- 
pounds, however, which means that three-stage adjustment provided 37 
percent more torque for acceleration. 


Acceleration Time 

Acceleration times were calculated for combinations 3 and 5. Com- 
bination 5 (first stator opened 12°) was selected because of the greater 
desirability of single-stage adjustment, and combination 3 (all stators 
opened 12°) because it provided maximum or very nearly maximum torque 
at the two speeds considered. The graphical integration for accelera- 
tion time (9.6 sec) with conibination 5 is shown in figure 15(a), and 
that with combination 3 (7.0 sec) is shown in figure 15(b). Althou^ 
these times are unrealistic, inasmuch as surge-line operation is un- 
realistic, they provide a basis for conparlson among the various methods 
considered for inproving acceleration characteristics. These accelera- 
tion times of 9.6 and 7,0 seconds are considerably greater than the 
3.0 seconds obtained with the idealized calculation, because large gains 
in turbine -inlet equivalent flow were not obtained at hi^ efficiencies. 
Consequently, for the methods of stator adjustment selected, turbine- 
inlet tenperature was limited to relatively low valties through most of 
the speed range. The calculated values of T^ are plotted against per- 
cent of conpressor design speed in figure 16. 

The acceleration times calculated for surge-line operation with 
adj'ustable turbine stators are conpared in figure 17 with acceleration 
times calculated for surge-line operation with outlet bleed and inter- 
stage bleed, which were reported in references 4 and 5. This figure 
shows that acceleration times as low as 3.0 seconds were obtained with 
the relatively simple constant-area interstage bleed at the outlet of 
the 12^^ compressor stage. Reference 5 also presents acceleration times 
calculated for operation at pressure ratios below surge with the same 
interstage bleed. Operation along a line at 96 percent of surge pres- 
sure ratio resulted in an acceleration time of about 4.3 seconds. Ac- 
celeration times for operation at pressure ratios below surge would be 
greater than 9.6 seconds with first-stage stator adjustment, and greater 
than 7.0 seconds with three -stage adjustment. 
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SUMMARY CF RESULTS 

From an analytical Investigation made to determine the effect of 
turbine stator adjustment on the acceleration characteristics of a 
typical high-pressure -ratio single-spool twbojet engine, the following 
results were obtained: 

1. Estimated turbine performance showed that acceleration of the 
engine through the low- and intennedlate-speed range can be achieved 
with adjustable turbine stators. 

2. Among the . cases considered at the knee in the compressor svirge 
line at about 80 percent of design speed, ma ximu m torque obtainable 
with three-stage turbine stator adJ^^stment was approximately 4 percent 
greater than the maximum obtainable with first-stage stator adjustment 
only. The Increment of torque in excess of coBiJressor torque and 
therefore available for acceleration was approximately 46 percent great- 
er. At idle speed, three-stage . stator adjustment provided a maximum 
torque 5 percent greater than the maximum obtainable with first -stage 
adjustment only. The torque available for acceleration was about 37 
percent greater. 

3. Acceleration times of 9.6 and 7.0 seconds were calculated for 
first-stage and three-stage stat;or settings of 12° from the design set- 
ting through the low- and intermediate-speed range and surge-line com- 
pressor operation. A time of 3.0 seconds was obtained for constant- 
area compressor-interstage bleed. 

4. For all cases considered, increases in equivalent weight flow 
were smaller ttian the corresponding Increases in stator -throat area, 
particularly in the hl^-speed range and for the larger stator 
adjustments. 


CONCLUSIOiFr 

Stator adjustment in the three-stage turbine of the high-pressure- 
ratio single-spool turbojet engine under consideration was investigated 
as a means of improving acceleration characteristics. Results of this 
investigation showed that turbine stator adjustment is less effective 
in terms of time required to accelerate to design speed than the rela- 
tively simple schemes of compressor-outlet and -Interstage air bleed. 
Therefore, adjustable turbine stators alone are not a satisfactory so- 
lution to the problem. 


Lewis Fli^t Propulsion Lahoratary 

Watlonal Advisory Committee for Aeronautics 
Cleveland, Ohio, June 7, 1954 
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APEENDIX A 
SYMBOLS 

The following symbols are used in this report: 

A flow area, sq ft 

a^^ critical velocity, \/2y^T/T + 1, ft/sec 

C constant ratio of outlet tangential velocity to throat velocity, 

c^ specific heat at constant pressure, Btu/(lb)(9R) 

c^ specific heat at constant volvone, Btu/(lb)(°R) 

e blade trailing -edge thickness, in. 

g acceleration due to gravity, 32.17 ft/sec^ 

I polar mcment of Inertia, (ft-lb)(sec^) 

J mechanical aqiiivalent of energy, ft-lb/Btu 

K local loss coefficient 

N rotational speed, rpm 

0 throat opening, in. 

p pressure, Ib/sq ft 

R gas constant, ft-lb/(lb)(°R) 

S blade pitch, in. 

T temperature, °R 

U wheel speed, ft/sec 

V velocity, ft/sec 

W velocity relative to rotor, ft/sec 
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V weight flow, Ih/sec 
P blade inlet mean camber angle, deg 
r torque, ft -lb 

AT torque available for acceleration, ft-lb 

X ratio of specific heats, c^/c^ 

6 stagnation pressure ratio, p'/Pq 

11 adiabatic efficiency 

0 stagnation ten^ierature ratio, T'/Tq 

p gas density, Ib/cu ft 

T time, sec 

0 deviation angle, deg from blade inlet mean camber angle 

01 angular velocity, radians/sec 
Subscripts: 

a accessories 

c compressor 

d design 

f fuel 

1 idle 

Z leakage 

r rotor 

ro rotor outlet 

rt rotor throat 

s stator 



NACA EM £54^-04 


si stator inlet 

so stator outlet, rotor inlet 

st stator tkroat 

t turbine 

u tangential component 

X axial component 

0 HACA standard sea- level conditions 

1 compressor inlet 

2 compressor outlet 

3 turbine inlet 

4 second tinrbine stage inlet 

5 tblrd turbine stage inlet 

6 exhaust nozzle 
Superscripts; 

* stagnation condition 

” stagnation condition relative to rotor 
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APPENHEX B 


SOIAGE-PERPQRMANCE ESCEMAHOK PROCEDURE 

Tbe procedure employed to estimate t\jrBine stage perfonnance was 
a simplified one -dimensional analysis in which it was assumed that the 
internal losses were as follows: 

1. Viscous losses associated with hlade profile and wall drag, vdiich 

could he expressed as a ftinction of the local critical -velocity 
ratio and an empiiical loss coefficient that was constant for 
all operation 

2. Rotor incidence losses, which consisted of the total of the 

kinetic energy associated with the inlet velocity ccmponent 
normal to the hlade inlet camber angle 

3. Stage-outlet whirl losses, which in the first and second stages 

consisted of the total of the kinetic energy associated wltir 
the conponent of the stage-outlet velocity normal to the inlet 
camber angle of the stator blades of the second and third 
stages, respectively, and which in the third stage consisted 
of the kinetic energy of the tangential component of stage - 
outlet velocity. 

Stage calculations were made for HACA standard conditions at the 
inlet. The procedure is briefly described in the following steps, which 
were typical of all subsonic operation. Operation with one or both 
blade rows choked, which was treated in _a slightly different manner, 
is also described. 


No Choking 


Step 1 . - Stator-throat critical-velocity ratio is 
wei^t flow is calculated as follows: 


specified, and 





r+1 



CD 


where K . is the stator-throat local loss coefficient. 

St 

outlet tangential critical -velocity ratio is 


Ihe nozzle- 
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( 2 ) 


wbere Cg is a corLStant determined from stator geometry. 

Step 2 . - Stator-outlet critical-velocity ratio is oTatained ty 
iteration, and by assuming first a value of stator -outlet critical- 
velocity ratio and then checking this with the flow charts of reference 
7, the known and the approximate value of 



based on the assumed (v/a’ When the assumed value of (V/a’ ) 

' ' cr' so ' ' car so 

and the value read from the chart agree, stator-outlet conditions are 

known. 


Step 5 . - With a specified wheeX speed (u/a^) go, relative total 
temperature is calculated; 



Step 4 . - Static pressure and ten^erature at the stator outlet are 
calculated by the following equations: 
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and critical -velocity ratio "by 



Step 6 . - Rotor-inlet relative total pressnre is calculated 

■with the following equation: 


(?:^) -[(f) 

so so so c: 


,-y 

cry so 


.r-1 


(9) 


Step 7 . - Rotor-throat ciltical-velocity ratio is obtained -with the 
following equation: 


w 




2 

cr'^rt 


, a" / 


1 - 


1 / W 


1 

.r-1 




T- 

\ Wrt 


J' 


(10) 


step 8 . - Rotor-outlet tangentieil critical -velocity ratio is 
calculated by 


(^lo ■ {4 


cr/rt ^ 


(3J-) 


and outlet flow parameter by 


pW^ 


w 


cr/ro 


^•oPa 


so 


1 - 


Kro(^) , 

\ cr/ro 


( 12 ) 




Cr+3'i^" 


in the same manner as in step 2. 

Step 9 . - Rotor-outlet toteO. temperature is obtained from 

(S)„— afel(4L-(tt 


(13) 
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Step 10 . - Static temperature and pressTire at rotor oirblet are 
calculated : 


(1^) 

'« '^ro \ cr/ro 


(14) 


and 


P = P 
■^ro -^so 


K 




ro \ a"^y. 


r(2j 


r-1 / y f 

■ r-^1 


r 

r-1 


(15) 


step 11 . - Deviation angle at rotor outlet is calculated; 


U 

o ** "* 

« -1 1 “cr ®’cr 

o = - tan — 


ro 




(16) 


cr 


ro 


■wliere Pg is the inlet angle of the subsequent stator in first- and 
second- stage calculations, and is zero in the third- stage calculations. 

Step 12 . - With rotor-outlet conditions knovn. 


(4) * [(-L) ■(=•!) 

\ /ro 'ro L ro ' 'ro_ 


(17) 


stage-outlet total pressure is calculated; 


(^) -fe) 

'■^/ro 'ro ' ' 'ro \ cr/ro 


Step 15 . - Stage torque is calculated; 

6CXrwc^(T«i-T^o) 
^ 2rtN 


r 

r-1 


(18) 


( 19 ) 
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Stage pressure ratio, speed, weight flow, torque and stage tem- 
perature ratio are now known. Since NACA standard sea-level conditions 
were assumed at the inlet, the values obtained are equivalent values. 


Stator Choking 


When the stator is choked and stator-outlet velocities are super- 
sonic, values of (v/a^j.) of 1.0 and greater are specified and the 

SO 

weight flow w is the value corresponding to (v/a^j.)^^ = 1.0. Stator- 
outlet axial critical-velocity ratio is obtained from 


and 



With these quantities known, rotor-inlet conditions can be csdcu- 
lated as in step 3 and calculation can proceed as before. 


Rotor Choking 

With (w/a”^) ^ = 1.0, the value of 


‘Urt 


1 - 


r-1 ( ^ \ 

V'ct) 


rt 


1 - Krt 




is determined. This corresponds to the correct value of 


w 


^t^’so ^ 


Cr+l)RT” 

2rg 
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wklcti is uniquely specified for each value of (v/a^^)^^ if the stator 
is choked, or (v/a^^) if the stator is not choked. A siinplo plot of 

oe or gives t.e 

value of (v/a' ) that corresponds to (w/a” ) = 1.0, and with this 

value calculations may he repeated from step 1 if the stator is not 
choked, or hy the STJ 5 )er sonic stator -outlet calculation if the stator 
is choked. 

With w corresponding to (w/agj.)^,^^ = 1.0, a solution for 
is obtained with assumed values of (w/aJIj.)^^ of 1.0 and greater: 



With rotor -outlet critical-velocity ratios known, stage-outlet condi- 
tions and torque may he calfeulated as in steps 9 to 12. 
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Figure 1. - Conqjresaor perf omanoe map. 
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Compressor equivalent speed, N/N^, percent design 

Figure 4. - Graphioeil Integration for acceleration time. Total 
acceleration time, 3 seocaodBj turtlne-lnlet temperature, 

2500° E; surge pressure ratio; compressor -weigJit flow equal 
to turtlne weight flow. 
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Figure 5. - Increase in t-urt) ine- inlet equivalent weight flow 
required for conditions of figure 4. 





Figure 6> - ysrlatlon of percentage tncreaae In tur'btae'Outlet eqalralent flov vitji percentage locreaae In 
turlilne- Inlet equivalent flow for coBgireeaor operatlan fixed at knee in surge line. Ezluaiat-nozzle srea^ 
600 square Indies. 
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Figure 7. - Variation of turbine pressure ratio with percentage increase in turbine- inlet equivalent weight 
flow for compressor operation fixed at knee in surge line. Exhaust-nozzle area, 600 square inches. 
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Tot.al -pres sure ratio, P^Pg 

(a) Inlet equivalent weight flow. 

Figure 8. - Third-stage performance with design stator setting. 
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(t>) Equivalent torqvie. 

Figure 6. - COTtlnued. Thlrd-atage performance with design, stator setting. 
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(b) Turbine atatcsr adjustnent In all tbreo 12°. 


Tlguro 9. - CoDoludod. Ccorpreaaor perforannoe map anl aooeleratlon paths. 


3230 











Inlet eg.ulTaieirfc velght flow, It/aeo 





0 2 4 6 8 10 12 14 16 18 

Stator adjustment^ deg 

(a) Inlet equiTalont weiglit flow. 

Figure 11. - Variation of turtlne parameterB with stator adjuBtmant for coopresflor operation at knee in surge 
line. 
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stator adjuatment, deg 
(b) Bressure ratio. 

Figure H. - Continued. Variation otf turbine pEiraiiiateai'B with stator adjustment for con^esaor operation at 
taee in surge line. 
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Btator Adjustment, deg 
(a) inlet equivalent welgbt flow. 

Figure 13. - Vaxlatltm of turtine parametors with stator adjustment for compressor operation at idle spee, 
and surge pressure ratio. 

CM 

to 









STfloleaoy, rj^ 


< f 


CE-6 3230 



Ilfiuro 13, - Cantlnuod.. Yhi-latlon of turbins parsunaters Tfltli fftatca: aijuatmciit for ocmsreaBor operation at 
iHiw speed aad surge pressure ratio. 
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yignre 14, - Tariation of turbine equivalent torque Tilth stator adjustment foor ocmp'eSBOi? operation at 
Idle speed and surge pressure ratio. 


CS 


MACA EM E54S’04 



Reciprocal of torq.ue available for acceleration, l/Af 


44 


.CA EM E54S’04 



(a) First-stage stator adjustment, 12°. Total acceleration 
time, 9.6 seconds. 


Figure 15. - Qraphloal Integratlcai for aaoeleratlm at surge 
pressure ratio; naxltimw turblno-lnlot temperature, 2500° E. 
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(b) Stator adjustment in all three stages, 12°. Total 
acceleration time, 7.0 seconds. 


Figure 15. - Cosncluded. Graphical Integration for acoelera-* 
tion at surge iffeBBure ratloj mailmum turbine-inlet 
temperature, 2500® E. 
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(a) First-stage stator sAJustment, 12°, 


Figure 16. - Tarlation of turbine-inlet ten^erature vltb speed 
at surge pressure ratio; maTimum turbine-inlet temperature, 
2500° R. 
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(b) Stator adjustment In all three stages, 12°.' 

Figure 16. - Concluded. Tarlatlon of turbine- Inlet temperature 
with speed at surge pressure ratio; maxi.mum turbine-inlet 
temperature, 2500° B. 
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Engine modification 


Engine modification 


1. Turbine first-stage stator 
adjustment 

2. One-step ocmpressor-outlet 
bleed 

3. Turbine three-stage stator 
adjustment 

4. Two-step ocmpressor-outlet 
bleed 

5. Yarlable-cirea compressor- 
outlet bleed 

6. Compressor-interstage bleed, 
12^^-stage outlet 


Figure 17 . - Comparison of acceleration times for several engine 
modifications. Compressor operation along surge line; 
maximum turbine-inlet temperature, 2500° E; exhaust -nozzle 
area, 600 square inches. 
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